1 Abstract-Single input single output systems (SISO), which only control the output voltage of a voltage source inverter (VSI) using multi-loop feedback, are not sufficient in the event of a 3-phase unbalanced load. A much better solution is a Multi Input Single Output (MISO) control. In such a case, not only is the output voltage controlled but also the output current and the output filter inductor current. It seems that using a Passivity Based Control (PBC) is just one of the better solutions for a VSI. The paper presents simulations of a modified Improved PBC (IPBC2) using a stationary αβ frame in the event of an unbalanced load in a 3-wire delta load. The simulations were verified using the measurements of a 3-phase inverter experimental model with dynamic balanced and unbalanced loads. 
I. INTRODUCTION
The problem of the control of 3-phase inverters in Uninterruptible Power Source (UPS) systems with an unbalanced load is rarely presented in the literature [1] . Single Input Single Output (SISO) systems in which only the output voltages are measured use a multi-loop control [2] with an internal PID-like loop and a repetitive controller in the outer loop (these damp all of the harmonics very effectively) are not able to fulfil the IEEE-519 (output voltage THD < 5 %) or the EN 62040-3 standard (THD < 8 % for better UPS classes) requirements for output filter inductances that are too high [3] . Only the simultaneous control of the output voltages, output currents and output filter inductor currents is an effective solution in damping the distortions of the output voltage, particularly in the case of a standard nonlinear load (rectifier RC load). In recent years, Passivity Based Control (PBC) [4] , [5] has been implemented in power systems. The idea of a PBC that only measures the currents (the output voltage was indirectly controlled) was first developed [6] . All of the three state variables are measured and controlled in the Improved PBC (IPBC) [6] or in an Interconnection and Damping Assignment PBC (IDA-PBC) [7] (based on e.g. [8] ). There are other implementations of PBC in power supply systems, e.g. in the grid connected inverters [9] , [10] or in multilevel inverters [11] . However, the important problem of a dynamic unbalanced load in the three-phase systems has not yet been described. The presented paper only concerns one case -a 3-wire, delta unbalanced load ( Fig. 1) , although it can be further expanded to consider the zero components of voltages and currents [12] . 
II. THE CONCEPT OF THE MODIFIED PBC
The concept of the IPBC that is presented for a single phase inverter in [6] requires that it be transformed into an αβ stationary frame (Clarke transform). The IDA-PBC [7] permits the decoupling of the error dynamics that is presented in the rotating dq frame, whose advantage is the constant reference values. Decoupling is not necessary in a stationary αβ frame. The further calculations for αβ frame will be based on [7] but in this case without the unnecessary decoupling. The results will be similar to an IPBC [6] but the reference filter coil current will be dependent on the Kv coefficient (while in [6] it is not dependent). We will call this control IPBC2 because the output voltage error is directly controlled in the control law (15) , (16) as in [6] and because of this, its derivative will be in the final control law additionally. For the delta load (mαβ is the controlled coefficient-modulation index), we initially assume the state variables vector x'αβ, the control vector uαβ and the output vector yαβ (the same for αβ axis):
For the delta load CFe = 3CF, for the star load CFe = CF, and LFe = LF, RLFe = RLF in both cases. The state and control matrixes (for one axis α or β) are (3). In further considerations, iOUTαβ will be used as the disturbance and (4) the state variables vector xαβ will be defined (4) as in [6] . The disturbance variables vector dαβ is (6) . The disturbance matrix Dαβ and the damping matrix Rαβ are (7); the interconnection matrix Jαβ (for both αβ axes) and the input (control) variables vectors mαβ are (8) . The input matrix Gαβ is (9): 
From (1) to (9), the inverter can be described by (10)
The controller is designed to follow the reference state variables of the errors vector
The closed-loop dynamics of the tracking error is described in [7] , where the matrix of the gains of the controller Raαβ (12) implements the injected Ri damping (the gain of the current error) and gain Kv of the output voltage error. For Kv = 0, the control law for the αβ frame will be the same as the one for a conventional PBC [6] . The state space equation for the closed loop inverter [7] is (13) . The control law (15) (16) for the stationary αβ frame is obtained from (14) by subtracting (10) from (13):
After substituting (16) for (15), there will be a derivative of output voltage in the control law. Therefore, this type of control, which is called an IPBC2, should be faster than the IPBC presented in [6] . The function H of the total energy that is stored in the system is used in all of the types of PBC control [5] . The closed-loop energy function H(xαβ,xαβREF) for the error vector (17) should have a stable equilibrium at eαβ = 0 and is asymptotically stable [12] if (18) and (19):
The system is passive if (20). The requirement (20) will be filled for the positively defined Rαβ + Raαβ matrix [7] , (21):
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The other approach that can be used to determine the range of the Ri and Kv parameters depends on an analysis of the roots of the characteristic polynomial (23) of a closed loop system (13) . Roots λ1,2 (24) should be located in the left-half of the s-plane. It will always be filled for the requirement of (21), (22):
The This is the result of their fluctuation, which is dependent on the switching frequency, the inductor current and any power losses in the magnetic material at the operating point [13] , [14] . In this way the operating point of the inverter influences on its control system [15] , [16] .
III. SIMULATION OF THE IMPROVED PBC
A simulation of the inverter with and without the IPBC2 for the dynamic delta load change Δ43/Δ470/Δ43 Ω and for the dynamic unbalanced delta load should permit the Ri and Kv values to be selected. In [6] , there is a piece of advice that it is better to start with low values (21), (22) and increase them in order to obtain the best results. In the presented simulation, the reasonable low over-and undershoot was reached for Ri 
IV. MEASUREMENTS OF THE EXPERIMENTAL MODEL
The difference version of the control law (15), (16) was implemented in the experimental model of a 3-level, 3-phase inverter (Fig. 6) . The control law was programmed into the STM32F407VG 168 MHz microprocessor. All of the measurements and further floating point calculations were performed during the interrupt procedures. The switching frequency was fc = 12800 Hz. Three kHz low pass filters (fc = 12.8 kHz) were used in the measurement channels. Figure 9 The modulator saturation will degrade the results of the control process but further decreasing the modulation index M will lead to an output voltage that is too low. The measured results of the implemented IPBC2 vs the inverter without feedback show a reduction in the static error, decreasing the amplitude of the overshoot and shortening the time to set up the output voltage.
V. DISCUSSION
The idea of the IDA-PBC for the 3-phase inverter control in the rotating dq frame presented in [7] was based on [8] and it has background in [17] . This paper presents the concept of a PBC in a stationary αβ frame that reduces the number of calculations compared to the dq frame and no interconnections between the axes occur. The idea of rejecting the interconnections is unnecessary in the stationary αβ frame. What is more the received control law is similar to the idea of IPBC presented in [6] for the singlephase inverter control. However, the obtained additional derivative of the output voltage error in the final control law improves the transient response of the inverter. And that is why the name of the presented control -IPBC2. The PBC control is very popular in the different applications of the inverters control (e.g. [6] , [7] , [9] - [11] ) but none of them consider the main subject of the paper -the control of the inverter with the unbalanced 3-phase load. The presented controller design takes in care the real values of the inverter parameters measured by authors [13] - [16] what was not showed in the other referenced papers.
VI. CONCLUSIONS
The presented control in a stationary αβ frame, which is called IPBC2, works efficiently in the case of a static and dynamic unbalanced 3-wire delta load in a 3-phase inverter. It is important that in the presented case using the stationary αβ frame, with the reduced number of calculations, the results are similar to the more complex control in the rotating dq frame. The problem of the PBC in the in the 3-phase inverter with the unbalanced load was not presented previously. The idea of adjusting gains of the controller for the balanced dynamic loads and using these values for the static and dynamic unbalanced load was checked successfully in Matlab/Simulink simulations and measurements of the experimental model. The necessary compromise between a sufficient level of the output voltage and the saturation in the PWM modulator is also presented showing that the best result of the control is for the low value of the modulation index which is not acceptable in the customer devoted device. In addition, the problem of the real values of the inverter parameters depending on the operation point and the switching frequency was discussed. The paper presents the theory, software simulations and finally measurements of the experimental model. The convergence of the measurements and simulations is satisfactory, however the PBC controller gains assumed for simulations should be decreased in the experimental model. It can be a result of the inaccurate scaling measured voltages and currents.
